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	Cradle-to-gate lifecycle assessment of graphene production and use in concrete
	The production of 1 kg of G2NanPaste corresponds to 0.17 kgCO2 equivalent 
	Cement is 248 times more damaging than graphene nanoplatelets in concrete 
	The greatest impact is on respiratory inorganics rather than global warming
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Concrete is one of the most commonly used structural materials and comprises of a cementitious component (usually CEM I), aggregates, water and air. Over the years it has evolved to include various additives and admixtures to ensure good strength and to meet site specific requirements (Neville, 2011). Despite the great advancements in materials, concrete structures are often damaged and suffer from poor durability (Gardner et al., 2018). In the UK, approximately a fifth of the total civil engineering construction output was due to repair and maintenance (R&M) works from 2011-2015 (HM Treasury, 2010) which not only leads to disruptions and delays for the public (Al-Tabbaa and Paine, 2018) but it also necessitates a greater consumption of materials and carbon emissions.
Concrete production is associated with several environmental effects, including carbon emissions (mainly from cement manufacture), waste, water use and natural resources depletion (The Concrete Centre, 2016). It is estimated that each tonne of concrete has approximately 100-300 kg of embodied CO2 (National Ready Mixed Concrete Association, 2012) depending on its composition. A standardised mix (based on the 2008 composition and CO2 emissions) results in 73.8 kgCO2 per tonne of concrete which is a 28% reduction compared to the 1990 baseline (The Concrete Centre, 2016). Demand for concrete has also been found to grow along with the national income to approximately $10-15,000 per person until demand for new infrastructure has been saturated (Allwood and Cullen, 2012). In the UK alone, the infrastructure pipeline from 2016-2021 accounts for more than £400 billion (HM Infrastructure and Projects Authority, 2016), hence demand for concrete is expected to remain very high.
	Allwood and Cullen (2012) have undertaken a study on the environmental impact of concrete consumption and suggest two routes for reducing the CO2 emissions: firstly, to optimise the concrete production methods in order to reduce the energy consumption and secondly, to use less resources (cement, aggregates, water) whilst providing the same service. Focusing on the latter, one approach would be to adopt biomimicry principles (Ellen MacArthur Foundation, 2018), i.e. develop materials that mimic natural systems. This approach will help in extending the service life of the structures and reducing in turn the demand for repairs (Al-Tabbaa and Paine, 2018). Indeed, over the last years there has been increasing research interest on the development of biomimetic construction materials that can self-heal when damaged and self-sense their environment and condition (Gardner et al., 2018). Self-healing concrete has already been trialled successfully on construction sites in the UK (Davies et al., 2018), (Al-Tabbaa and Paine, 2018) whilst self-sensing concrete for functional structures has also been researched (Han et al., 2015). Self-sensing or monitoring concrete refers to the material that can monitor its condition and identify any damage, whilst maintaining or improving the mechanical and durability performance (Han et al., 2014). Such a material would lead to a great reduction in the number of inspections undertaken on the infrastructure network and will reduce their impact on the society and the environment. 
The self-sensing mechanism depends on the electrical resistivity of the material; a property that defines how strongly the material will oppose the flow of electric current. In the case of concrete, the electrical resistivity varies, and it depends on the mix composition (water/cement ratio, type of aggregates, use of supplementary materials such as silica fume and GGBS), on the age of the structure and on the exposure conditions. For example, dried concrete acts as an insulator and does not allow the passage of current, whilst moist concrete behaves as an electrolyte (Neville, 2011). The presence of ions in moist concrete or in the pore water allow for the passage of electric current which reduces the resistivity. Therefore, an increase in the water/cement ratio reduces the resistivity significantly, whilst an increase in the hydration age will increase the resistivity. This process of transporting electric current through the concrete is described as electrolytic and it depends on the ions in the pore water network.
However, the use of functional fillers, allows for a different method of transporting the electric current through the concrete and this process is referred to as electronic conduction. Functional materials are electrical conductors and when added at certain quantities, they form a continuous path through which the electric current can travel. The quantity required to form this continuous conductive path is called the percolation threshold and it varies depending on the material type, shape and size. When functional fillers are used at or near the percolation threshold, the electrical resistivity of concrete is primarily dependent on the formation of the conductive path rather than the electrolytic conduction described earlier. Consequently, damage and the effect of cycling loading can be sensed by passing current through the continuous conductive path and measuring the resultant effect on the voltage. In the case of cracking for example, the continuous conductive path will break, and it will result in an abrupt increase in the electrical resistivity. The composition of a traditional standard concrete mix and that of a self-sensing concrete which incorporates functional fillers and admixtures is illustrated in Figure 1. 

Figure 1: Composition of a standard concrete mix (top) and self-sensing concrete (bottom)
Various functional fillers have been investigated such as steel and carbon fibers, carbon black, graphite powder (Horszczaruk et al., 2016), (Chung, 2002). Most recently, some authors have also investigated the nanomaterial of graphene for self-sensing application (Shamsaei et al., 2018), (Du et al., 2013), (Pang et al., 2014). The successful isolation of graphene in 2004, has led to an increasing research interest both for the material production (Novoselov et al., 2012) and on its effect on cementitious composites with over 100 papers published on this topic (Xu et al., 2018). Graphene is defined by the International Organization for Standardization (ISO), (2017) as a single layer of carbon atoms which are bound in a honeycomb structure. Its properties include an intrinsic strength of 130 GPa, a Young’s modulus of 1 TPa, complete impermeability to any gases and a million times higher ability than copper to sustain high densities of electric current (Novoselov et al., 2012). 
There are different forms of graphene nanomaterials including graphene oxide (GO), reduced graphene oxide (RGO) and graphene nanoplatelets (GNPs) or multi-layer graphene as otherwise known. GNPs comprise of layers of graphene sheets (usually between 10 and 100 layers), a thickness of less than 100 nm and a diameter of several micrometres (Shamsaei et al., 2018). Each graphene material possesses different properties with GNPs possessing superior electrical conductivity performance to GO (Kauling et al., 2018) which is a pre-requisite to generating a self-sensing mechanism. 





2.1.	GNP production – Liquid Phase Exfoliation 
There are two general approaches for graphene production:
	 a bottom-up approach where graphene can “grow” on silicon carbide and 
	a top-down approach where graphene is exfoliated from graphite (Sharon, 2015).
Each production method will result in a variety in terms of fundamental properties (eg. size and thickness), quality (e.g. number of defects) and cost of graphene (Novoselov et al., 2012). For applications in the construction industry it is essential that the graphene quality is balanced with the scalability potential (large volumes of materials required) and cost.
It has been found that Liquid Phase Exfoliation (LPE) is one of the most scalable techniques and of controlled costs (Raccichini et al., 2015) to produce graphene of a reasonable quality (Phiri et al., 2017). Graphite is a layered material and in LPE, it is added in a liquid solvent and mechanical forces, such as shear and sonication, are applied in order to exfoliate it (Sharon, 2015). However, a study of the graphene production with LPE of over 60 producers found that the graphene quality is rather poor, and many companies produce “graphene” with over 100 layer thickness (Kauling et al., 2018).
The material chosen for this analysis is a multi-layer GNP product supplied by Nanesa called G2NanPaste. According to the Technical Data Sheet, the GNP comprises of an average flake thickness of 40 layers (~ 14 nm), a carbon content >97% and an average particle (lateral size) D50 of 25 µm (Nanesa, 2018a). The larger thickness is found to be a suitable compromise between resultant properties and cost for construction applications. 
2.2.	GNP – cement composites 
When GNPs are added in cement composites, they have been found to improve the mechanical and durability properties and to also reduce the electrical resistivity, which is a prerequisite for a self-diagnosing mechanism (Shamsaei et al., 2018). However, there are certain challenges in the literature that do not allow for a straightforward assessment of the property improvement. The two main challenges lie in the fact that authors use different GNP products (with varied thicknesses, sizes and surface areas) and employ different dispersion techniques to introduce the GNPs in the cement matrix. 
An ideal dispersion is achieved when the nanoparticles are completely separated from each other and do not form any agglomerates (Korayem et al., 2017), which will help in homogeneously realising the benefits of adding GNPs. Dispersion of GNPs in an aqueous solution is challenging due to their low dispersibility (Rodríguez-Pérez et al., 2013), high surface energy and strong Van der Waals attraction (Shamsaei et al., 2018). Limited studies to date have focused on the dispersion of graphene nanoplatelets in concrete. The lack of a dispersion protocol is one of the reasons that an optimum content has not yet been established. The GNP contents usually vary from 0.01% to 5% by weight of cement, which is a very wide range. Different optimum contents have been quoted for each measured property, for example compressive and flexural strengths and durability performance. Figure 2 summarises the literature to date with a focus on the effect of GNP addition on compressive and flexural strength of CEM I composites. As it is shown, the most frequently tested GNP dosages range from 0.01% to 0.1% by weight of binder. At that dosage range, most authors observe compressive strength increases from 2% to 32% whilst flexural strength has a greater improvement, ranging from approximately 7% to 40%. The underlying reason for the differences in the strength improvements is the fact that not all GNPs had the same properties and they were also dispersed with different methods. Other factors that could affect the reported mechanical properties include the type of cementitious material used and the mix composition (such as w/c ratio). In this paper, only mixes that incorporate CEM I are presented. Even though the mix compositions vary between authors, this is not considered to be a reason for the differences in the mechanical properties improvement since they are always compared to their respective control mixes. 


Figure 2: Summary of the literature on the effect of GNPs on the compressive (top) and flexural (bottom) strength of an ordinary Portland Cement composite at 28 days
In terms of durability performance, a 5% by weight of cement GNP addition was found to reduce the water penetration depth of the mortar by 75% (Du and Pang, 2015) and a reduction in water sorption between 27-50% was also observed for GNP contents ranging from 0.5-2.5% by weight of cement (Du et al., 2016). Finally, GNP addition have been found to reduce the electrical resistivity, a pre-requisite for generating additional functionalities such as a self-diagnosing mechanism.  A decrease in resistivity of more than one order of magnitude was observed for GNP dosages between 2.4% and 3.6% by volume of cement (Le et al., 2014). Liu et al. (2016) found that mortar containing 6.4% GNPs by weight of cement, had a stable electrical resistance as well as an immediate and accurate response to compressive loading (known as piezoresistive effect). Therefore, GNPs are a promising candidate for reinforcing the cement matrix and improving the mechanical properties and durability performance. 
However, the environmental impact of using GNPs as functional fillers in cement composites has not been investigated to date. There is limited understanding around the environmental effects of graphene production and of its effect when incorporated in cement composites.




3.1.	GOAL AND SCOPE DEFINITION 
Due to the increasing interest in advanced materials for concrete structures, an insight in the environmental performance is necessary before such products are commercialised. This study is intended for an audience in the infrastructure sector who are interested in using advanced materials in their projects to solve durability, inspection and monitoring challenges.
The goal of the study was to evaluate, by means of a Life Cycle Assessment, the environmental impacts associated with the production and use of graphene nanoplatelets (GNPs) in concrete. The GNPs considered in this study are produced by Liquid Phase Exfoliation (LPE) in Italy, Europe. This GNP product was selected following a review of GNP manufacturers. GNPs that were very exfoliated (<10 nm thick) were found to be unsuitable for civil engineering applications, primarily due to their prohibiting cost but also due to additional difficulties in dispersing them homogeneously in concrete. On the contrary, the GNP product considered in this study comprises of more layers (approximately 14 nm thick) and its cost is significantly lower compared to more exfoliated GNPs. The increased thickness allows for this product to be a cost-effective solution whilst at the same time dispersion in concrete is less challenging. The produced GNPs are then introduced in a standard concrete mix design in the UK, which is assumed to be the country of the final concrete use. However, the use of concrete reinforced with GNPs is not considered in this study. 
The LCA was carried out according to ISO standards (ISO-14040, 2006); (ISO-14044, 2006). The functional unit is 1 m3 of concrete. This functional unit was selected because it is commonly used in the construction industry to calculate the composition of the concrete mix, estimate costs and to quantify the environmental impact, making this study easily comparable to others. Other functional units (such as the total volume of concrete required for a specific application) have not deemed to be suitable for this study due to the many unknowns that still exist on the effect of GNPs in the resultant properties of concrete. 
	In the base case, the GNPs are fabricated in Italy (EU) whilst the concrete mix is produced and used in the UK. In this scenario, the GNP production is assessed along with the impact of using the specified 1 m3 of concrete. The boundaries of this study are from “cradle to gate”, meaning that they include the processing of raw materials for GNP production to the delivery and processing of the product (1 m3) concrete to be used in the UK. The use and final disposal of the product have not been considered due to many unknowns that would exist without a focused application (eg. a specific bridge or building where this concrete would be used), but these two stages have been taken into account in the discussion section. The system boundaries of the system are illustrated in Figure 3. 

Figure 3: System boundaries for the self-sensing graphene-reinforced concrete system under analysis 
The data were primarily obtained from commercial companies (Nanesa for GNP production and Costain Group for concrete production) as well as from scientific literature. The remaining data were obtained from the life cycle inventory databank Ecoinvent 3.0. The LCA was carried out using the software SimaPro (2015). The life cycle environmental impacts were assessed using the Impact 2002+ methodology (Jolliet et al., 2003). This methodology provides damage and impact categories and gives an overall and complete analysis on the whole life cycle of the project. These two types of results allow different audiences to understand the results as one is more general (damage category) and the other one is more scientific for a technical audience. In this paper, the results are mainly reported in terms of mid-point categories and those selected for this study are: carcinogens and non-carcinogens, respiratory inorganics, aquatic and terrestrial ecotoxicity, global warming, non-renewable energy and mineral extraction. A normalisation process was then carried out to identify the highest impact categories for the system (ISO-14040, 2006). 


4.	LIFE CYCLE INVENTORY 
The lifecycle inventory of the materials, emissions and energy consumption for graphene production is based on the data supplied by the industrial producer (Nanesa, 2018b). The concrete mix design that has been used as the base case, was supplied by the company Costain and was used in one of their projects. Table 1 summarises the primary and secondary data that are considered in this study.
Table 1: Inventory data source classification
Primary data	Source
Concrete mix design 	Information supplied by Costain
Production of G2NanPaste 	GNP manufacturer (Nanesa)
Graphene solution mixing - duration and energy requirements	Preliminary experimental work from the authors for duration and Nanesa for electric energy consumption 
Superplasticiser composition 	Information from the chemical companies
	
Secondary data	Source
Italian energy mix for GNP production 	Ecoinvent 3.0
UK energy mix for concrete mix requirements 	Ecoinvent 3.0
GNP dosage 	Based on the literature review findings 
Raw materials such as graphite and water	Ecoinvent 3.0
	
In this study, the following assumptions have been made:
	GNPs are produced by LPE in Italy, Europe.
	G2NanPaste product includes only water and GNPs, no chemical agent has been considered.
	Concrete mix prepared in the UK.
	Input energy is representative of the energy mix of the two countries, Italy and UK. Initiatives to reduce energy consumption or use clean energy sources in the production of either GNPs or concrete have not been considered.  
	The dosage of G2NanPaste in concrete that was assumed is representative of what is commonly used in the literature (as per Figure 2). 
	The avoided impacts related to the use of ground granulated blast furnace slag (GGBS) have been assumed to replace not virgin material but the average mix of virgin and recycled material actually used in the market (Arena et al., 2017), (Gala et al., 2015). 
Starting with the production of graphene nanoplatelets, the simplified process is shown in Figure 4, which includes two main phases; the graphite expansion phase followed by the exfoliation phase. The production of 1 kg of G2NanPaste (which is the GNP product that is then added in concrete to instigate the self-sensing mechanism) requires graphite and water as raw materials and electrical and thermal energy. 
Following GNP production, to produce 1m3 of GNP-reinforced concrete (the functional unit of this study) at least 2% of G2NanPaste by weight of cement is required. The G2NanPaste product, comprises of approximately 95% water and 5% GNPs. The different concrete mix compositions are shown in Table 2, which includes the material quantities for the base case, the GNP-reinforced concrete and also for the sensitivity analysis. The concrete mix process involves two steps; firstly, an aqueous solution containing water, superplasticiser and GNPs is prepared, which is followed by the addition and mixing of the remaining raw materials - Portland cement CEM I, GGBS, limestone (coarse aggregate) and sand (fine aggregate). In preparing the aqueous solution of GNPs, two mixing methods have been considered. The first option involves sonication of the solution for 2 hours, whilst the second option involves high speed shear mixing of the solution at 4,500 and 7,000 rpm for a total of 10 minutes. The electric energy consumption of the sonicator is taken as 4 kW (Nanesa, 2018b) and that of the high-speed shear mixer is taken as 1.1 kW (Nanesa, 2018b). Upon preparation of the aqueous solution, a power consumption of 1.9 kW was assumed for the electricity consumption at the ready-mix concrete batching plant. 

Figure 4: Simplified methodology for production the G2NanPaste product (GNPs) (top) and Process for producing graphene-reinforced concrete (bottom)


Table 2: Material quantities used in this study to produce 1 m3 of the different concrete mixes 
Material	Base case	GNP-concrete	Sensitivity analysis






G2NAN Paste (95% water): kg/m3	-	3	32
Total density: kg/m3	2350	2351.5	2344
Note1: Water in GNP-reinforced concrete is reduced to take into account the water available in the G2NanPaste. The total water content in the mix remains the same and is equal to 185 kg/m3
Note2: The content of GNP in the sensitivity analysis remains the same as in the remaining of the study (3 kg/m3) and the only variable that changes in the content of CEM I which reduces by 5% 


5.	LIFE CYCLE IMPACT ASSESSMENT AND INTERPRETATION  
The contributions from the production of GNPs and the manufacture of 1 m3 of GNP-reinforced concrete have been quantified in terms of damage categories and impact categories. The results are normalised and presented in terms of person equivalent units, representing the average impact caused by a person for one year in each respective category (Sleeswijk et al., 2008). 
5.1.	Graphene Nanoplatelets (G2NanPaste) production 
The production of the GNP product, G2NanPaste has been analysed and is presented in Figure 5. The G2NanPaste production comprises of two main phases - expansion and exfoliation. From Figure 5 it is apparent that the greatest effect comes from the electricity consumption during the exfoliation and expansion phases, followed by thermal energy and the use of graphite as a raw material. The consumption of water appears to be negligible in the whole GNP manufacturing process. Non-renewable energy consumption is shown to be the most significant localised impact followed by global warming potential and respiratory inorganics. The impacts of GNP production could be reduced by considering these impacts and optimising the manufacturing process accordingly. For example, since non-renewable energy consumption is found to be the greatest localised impact, GNP manufacturers should seek to use renewable energy (such as solar and wind) for generating the required electricity for GNP production. Reducing the impact from the use of graphite as a raw material can be achieved by making the mining process more efficient and by reducing the transport requirements from graphite mining to GNP manufacture. 
In terms of the impact of cement production on climate change, the production of 1 kg of CEM I corresponds to 0.86 kgCO2 eq. GNP production in this study has been found to be more sustainable compared to cement and the production of 1 kg of G2NanPaste corresponds to only 0.17 kgCO2 eq. This indicates that the effect of GNPs could be environmentally friendly if used as a supplement for some of the CEM I or if it led to a reduced need for cementitious materials due to providing the same level of service. 

Figure 5: Normalized results in terms of impact (mid-point) categories of life cycle impact assessment of 1 kg of G2NanPaste production. Here and in the following figures the criteria for normalization are per person equivalent units, where one person equivalent represents the average global per capita annual average impact in the specific category.
5.2.	Base case 
A standard concrete mix design has been used to establish the baseline for this study and is then compared with the GNP-reinforced concrete mix. The results for 1 m3 of concrete are presented in Figure 6 in terms of impact categories. It is evident that Portland cement (CEM I) is the largest contributor, followed by aggregates (sand and limestone as fine and coarse aggregate respectively). GGBS is a by-product product of the blast furnaces used in the iron industries (Cementitious Slag Makers Association, 2018) and it has been considered as avoided impact since it is used as partial replacement of virgin raw materials (CEM I). The benefits of using GGBS are twofold; firstly, the environmental impact of disregarding GGBS as waste from the manufacturing process of iron is avoided, and secondly, the need for consuming raw materials in concrete is reduced by partly replacing CEM I with GGBS. The use of water is found to have a negligible effect and the same applied to the electricity. This is because modern concrete batching plants have improved their energy efficiency and the energy intensity has reduced from 132.1 kWh/tonne in 2008 to 122.7 kWh/tonne in 2015 (The Concrete Centre, 2016). In addition, in the UK approximately 22% of the total electricity demand was covered by renewable energy sources (European Environment Agency, 2017) whilst around 20% of the electricity comes from nuclear energy (World Nuclear Association, 2018). Global warming is found to be the largest mid-point impact category and to produce this 1 m3 of concrete is found to correspond 19.42 kgCO2 eq. This is significantly less than what has been quoted in the literature for a standard concrete mix (National Ready Mixed Concrete Association, 2012), (The Concrete Centre, 2016) and the difference is attributed to the high contents of GGBs that substitute Portland cement. The impact of global warming is followed by the consumption of non-renewable energy and respiratory inorganics, which shows that the effect on public health should also be considered.

Figure 6: Normalized results in terms of impact (mid-point) categories of life cycle impact assessment of producing 1 m3 of concrete. 
5.3.	Comparison of GNP dispersion methods in concrete
As discussed earlier, homogeneous dispersion of GNPs in the cement matrix is a key challenge in the literature and very few studies have investigated the optimum method. Following previous work by the authors (Papanikolaou et al., 2018) it was established that superplasticisers are necessary in dispersing GNPs in the cement matrix and they should also be combined with a mechanical mixing method. Two mechanical mixing methods are analysed and compared in this study – one is the sonication of the solution for 2 hours and the other is high-speed shear mixing for 10 minutes. Both cases involve the addition of a superplasticiser. The results for both options are tabulated in Figure 7 and Figure 8.  

Figure 7: Normalized results in terms of impact (mid-point) categories of life cycle impact assessment of producing 1 m3 of concrete with sonicated G2NanPaste.

Figure 8: Normalized results in terms of impact (mid-point) categories of life cycle impact assessment of producing 1 m3 of concrete with high-speed shear mixed G2NanPaste. 
In both cases, as observed for the base case scenario, Portland cement has the greatest contribution followed by limestone and sand, whilst GGBS has a negative contribution (i.e. positive environmental impact). Overall, the plasticiser is found to have a greater effect compared to G2NanPaste – its effect on the global warming it is 3.22 times that of the G2NanPaste whilst this increases to 6.13 times for respiratory inorganics. These results are in agreement with Long et al. (2018) who found that the greenhouse gas emissions of GO are less than that of the polycarboxylate superplasticiser when added in a concrete mix (GO has 0.38 kgCO2eq. compared to 0.91kg CO2eq. for the superplasticiser).
The addition of G2NanPaste is found to be more damaging when sonication is used compared to high-speed shear mixing which is reflected in the higher electricity impact. This was expected due to the longer duration of sonication required but it is because sonicators have a greater power requirement compared to the high-speed shear mixer. GNPs can be considered as an admixture for concrete, whose effect remains insignificant compared to that of Portland cement. 
	A comparison between all scenarios investigated in this study is presented in Figure 9 and the global warming coefficient is shown at the inset. All alternative scenarios have a greater impact compared to the normal concrete mix, but this is because graphite and G2NanPaste are considered as additions rather than as replacements. The impact is more pronounced when sonication is used for dispersing G2NanPaste. It is interesting to note, that the primary impact of concrete production is on human health (respiratory inorganics) rather than on global warming or the depletion of resources. 

Figure 9:Comparison between all scenarios investigated in this study in terms of the greatest impact categories. 
5.4.	Sensitivity analysis – reducing cement content whilst maintaining performance 
The above analysis shows that G2NanPaste has a very small impact compared to other concrete components such as Portland cement and aggregates. Therefore, a potential increase in the G2NanPaste content would not significantly affect the overall impact of the concrete mix. However, the use of GNPs allows for an enhancement in the concrete performance which could in turn lead to a reduction of the cement content required. Below are reported the results of an alternative analysis with a 5% reduction in cement content is assumed.

Figure 10: Normalised results of the overall impact of using G2Nanpaste to replace 5% of Portland cement on human health, ecosystem quality, climate change and resources (damage categories).

Figure 11: Normalised results of the overall impact of using G2Nanpaste to replace 5% of Portland cement expressed in mid-point categories.
From Figure 10 and Figure 11, it is shown that the effect of G2NanPaste is minimal. Portland cement remains the biggest contributor, with the effect being more pronounced for climate change followed by human health. As shown in Table 3, to produce 1 m3 of this new concrete mix that incorporates 5% less cement, the effect on global warming is 15.29 kgCO2 eq. which is significantly less than the base case that was associated with 19.42 kgCO2 eq. Therefore, reducing cement by only 5% can result in a 21% reduction in the global warming potential. This highlights the significance of reducing the cement content whilst maintaining the same service and the positive role that GNP addition can play in the lifecycle impact of concrete. 
Table 3: Comparison between the base case and the alternative scenario with GNPs and 5% less cement 
Impact category	Unit 	Base case 	GNPs + 5% cement reduction
Global warming	kg CO2 eq.	19.42	15.29
 
6.	Conclusions 
In this study, the environmental impact of producing GNPs and using them as a reinforcement for concrete structures has been investigated by means of a Life Cycle Assessment. It has been found that the production of 1 kg of G2NanPaste with Liquid Phase Exfoliation results in 0.17 kgCO2 eq. This is less than the production of Portland cement, which is 0.86 kgCO2 eq, meaning that GNPs could be environmentally friendly if used as a supplement for some of the cement.
The impact of using GNPs as a nano-reinforcement has also been analysed and it has been found that Portland Cement (CEM I) is 248 times more damaging than G2NanPaste in terms of global warming and 124 times more damaging in terms of respiratory inorganics (human health) for the specific concrete mix that was investigated in this study. Portland cement is shown to be the component with the greatest impact in all cases. Moreover, the impact of the concrete mix is greater in all cases in terms of respiratory inorganics compared to global warming and non-renewable energy consumption.
The sensitivity analysis showed that if the addition of GNPs results in a 5% reduction of the Portland cement, the effect of the concrete mix on global warming can reduce by 21%. This highlights that GNPs are a promising additive for nano-reinforcement in concrete as their environmental impact is not high and they could lead to a reduction in concrete volume (and Portland cement) whilst maintaining the same level of service. 
7.	Further work
This study has concentrated on the cradle-to-gate stage of producing GNPs and incorporating them in a concrete mix design. It has considered only one GNP production from a particular manufacturer. Further work should explore the comparative impact of different GNP producers in order to identify the optimum GNP production method. In terms of next steps, a full LCA, cradle to grave, with a focused construction application (eg. a tunnel lining) and waste management of this advanced composite material will be undertaken in conjunction with further experimental activity looking at the detailed performance improvement with GNP dosages. 
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